Clustered regularly interspaced short palindromic repeats (CRISPRs) and the cas (CRISPR-associated) operon form an RNAbased adaptive immune system against foreign genetic elements in prokaryotes 1 . Type I accounts for 95% of CRISPR systems, and has been used to control gene expression and cell fate 2,3 . During CRISPR RNA (crRNA)-guided interference, Cascade (CRISPRassociated complex for antiviral defence) facilitates the crRNAguided invasion of double-stranded DNA for complementary base-pairing with the target DNA strand while displacing the nontarget strand, forming an R-loop 4,5 . Cas3, which has nuclease and helicase activities, is subsequently recruited to degrade two DNA strands 4, 6, 7 . A protospacer adjacent motif (PAM) sequence flanking target DNA is crucial for self versus foreign discrimination 4,8-16 . Here we present the 2.45 Å crystal structure of Escherichia coli Cascade bound to a foreign double-stranded DNA target. The 5′-ATG PAM is recognized in duplex form, from the minor groove side, by three structural features in the Cascade Cse1 subunit. The promiscuity inherent to minor groove DNA recognition rationalizes the observation that a single Cascade complex can respond to several distinct PAM sequences. Optimal PAM recognition coincides with wedge insertion, initiating directional target DNA strand unwinding to allow segmented base-pairing with crRNA. The non-target strand is guided along a parallel path 25 Å apart, and the R-loop structure is further stabilized by locking this strand behind the Cse2 dimer. These observations provide the structural basis for understanding the PAM-dependent directional R-loop formation process 17, 18 . Differentiating 'self ' from 'non-self ' is crucial in CRISPR systems, as foreign target sequences (protospacers) are identical to sequences recorded in the host CRISPR locus (spacers). In type I and II CRISPR systems, foreign DNA detection relies on protein-mediated PAM recognition 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] . Whereas PAM recognition in Cas9-based type II systems has been attributed to major groove DNA contact 19, 20 , it remains unclear whether Cascade recognizes PAM in the major or minor groove 12 , in single-stranded or double-stranded form 4,21 . The promiscuity in PAM recognition also remains unexplained. Five PAM sequences (5′-ATG, AAG, AGG, GAG and TAG reading from the non-target strand) can trigger robust CRISPR interference by E. coli Cascade 4, 11, 21, 22 . Crystal structures of E. coli Cascade in free and single-stranded DNA (ssDNA)-bound forms revealed multiple conformational states and insights about the crRNA-guided ssDNA recognition mechanism 21, 23, 24 
. Differentiating 'self ' from 'non-self ' is crucial in CRISPR systems, as foreign target sequences (protospacers) are identical to sequences recorded in the host CRISPR locus (spacers). In type I and II CRISPR systems, foreign DNA detection relies on protein-mediated PAM recognition 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] . Whereas PAM recognition in Cas9-based type II systems has been attributed to major groove DNA contact 19, 20 , it remains unclear whether Cascade recognizes PAM in the major or minor groove 12 , in single-stranded or double-stranded form 4, 21 . The promiscuity in PAM recognition also remains unexplained. Five PAM sequences (5′-ATG, AAG, AGG, GAG and TAG reading from the non-target strand) can trigger robust CRISPR interference by E. coli Cascade 4, 11, 21, 22 . Crystal structures of E. coli Cascade in free and single-stranded DNA (ssDNA)-bound forms revealed multiple conformational states and insights about the crRNA-guided ssDNA recognition mechanism 21, 23, 24 ; however, the mechanisms for double-stranded DNA (dsDNA) entry, PAM recognition, and R-loop formation remain poorly defined.
To understand PAM-dependent foreign DNA recognition, we determined the 2.45 Å crystal structure of E. coli Cascade bound to dsDNA that forms a partial R-loop (Fig. 1a-c and Extended Data  Fig. 1 ); such DNA substrates are known to bind Thermobifida fusca type I-E Cascade and to recruit Cas3 specifically 25 . Our structure agrees well with the cryo-electron microscopy (cryoEM) reconstruction of the full R-loop-Cascade complex, underlining its validity in explaining R-loop formation 21 (Extended Data Fig. 2 and Supplementary Video 1). Comparison with high-resolution crystal structures suggests that R-loop formation requires both the sliding of Cse1-CTD (carboxy-terminal domain)-Cse2.1-Cse2.2, as seen in the ssDNA-bound Cascade structure, and the engagement of Cse1-NTD (amino-terminal domain), as seen in the free Cascade structure 21, 23, 24 (Extended Data Fig. 3 and Supplementary Videos 2 and 3). In addition, a localized conformational change, only observed in this R-loop-bound structure, occurs near the putative Cas3-binding site 21 ; this may have a role in Cas3 recruitment (Extended Data Fig. 4 ). dsDNA enters Cascade between Cas7.5 and Cas7.6, contacted by the lysine-rich helices 16, 26 (Fig. 1d , e and Extended Data Fig. 5 ). DNA bifurcates underneath PAM. The entire target DNA strand flips to form the segmented DNA-crRNA duplex 27 . The 10-nucleotide non-target strand is guided to a parallel path 25 Å apart by sequence-nonspecific contacts, an active mechanism to stabilize the R-loop (Fig. 1d, e) . Modelling dsDNA beyond PAM projects it across the Cse1-CTD without severe steric clashes (Fig. 1f) , illustrating a possible PAM-searching scenario 21 . The 5′-ATG PAM sequence is recognized by Cse1 in the double-stranded form, from the minor groove side (Fig. 2a, b ). This mode of recognition strongly biases towards the target DNA strand, which rationalizes previous observations that mismatched PAMs could be tolerated, provided that the target strand sequence was optimal 4, 21 . PAM recognition requires three structural features in Cse1: a glutamine wedge, a glycine loop and a lysine finger (Fig. 2a, b) . Only C T−1 -G NT−1 is tolerated at the −1 position (PAM−1) in E. coli 5, 21 , although recent analyses revealed spacer-dependent tolerance of alternative base pairs at PAM−1 (ref. 28). In our structure ( Fig. 2a-d) , the amide of Ala355 in the glutamine wedge donates a H-bond to O2 of C T−1 , specifying a pyrimidine in the target strand. The carbonyl of Gly157 in the glycine loop accepts a water-mediated H-bond from N2 of G NT−1 . G NT−1 -to-inosine substitution suggests that this contact only provides minor discrimination against A NT−1 (Extended Data Fig. 6a ). The affinity of Cascade for different PAM−1 base-pair combinations correlates well with the structural observation that a target strand pyrimidine is strongly specified (Extended Data Fig. 6b ). The tenfold differences in the dissociation constant (K d ) values, however, do not support an absolute C T−1 -G NT−1 specification at PAM−1. Indeed, Cas3 can cleave alternative PAM−1 targets, provided that the Cascade concentration is above the corresponding K d value (Extended Data  Fig. 6c ). These results echo the recent finding in suggesting that the PAM−1 readout is further complicated by the Cascade/Cas3 expression level and spacer content 28 . Importantly, PAM recognition coincides with insertion of a glutamine wedge into dsDNA underneath PAM (Fig. 2a, d ). The tip Letter reSeArCH residue Gln354 stacks underneath C T−1 and, together with Asn353, sterically displaces the first two protospacer nucleotides in the target strand, forcing them to rotate outwards. Given its strategic location, it is rather surprising that this wedge is not highly conserved in sequence (Extended Data Fig. 7) . Indeed, tip residue substitutions (Gln354Ala, Asn353Ala and Gln354Ala/Asn353Ala) barely affect DNA binding. By contrast, trimming this wedge (NNQAS352-356/GG) reduced DNA binding 100-fold, suggesting that the wedge functions by a steric interference mechanism to nucleate the target strand displacement upon PAM recognition (Fig. 2e, f) . A serine-to-phosphate 'lock' is essential in initiating the target strand flipping in Cas9 (ref. 19) . Thr125 is in a similar location in our structure but contacts the +1 bridging oxygen instead, and the Thr125Ala substitution had a negligible defect (Fig. 2e) .
Recognition at PAM−2 is promiscuous. Only G T−2 -C NT−2 is rejected at this position; the other three combinations lead to efficient interference 22 . Here the glycine-loop residues (159-161) assume a lip-like structure, introduce DNA bending at A T−2 -T NT−2 , and 'bite' onto the PAM−1 base pair in conjunction with the glutamine wedge underneath; T NT−2 retreats backwards and tilts upwards (Fig. 2b, d ). The rim of the glycine loop explores shape-complementarity to A T−2 , and donates a weak H-bond to N3 of A T−2 . Gly160Ala substitution disrupts the shape complementarity, and reduces Cascade binding affinity by ~100-fold and Cas3 cleavage to baseline levels (Fig. 2e, f) . Rejection of G T−2 -C NT−2 at PAM−2 is rationalized by the fact that the N2 amine of G T−2 would introduce steric clashes against the glycine loop; whereas T T−2 -A NT−2 or C T−2 -G NT−2 would not, based on modelling (Extended Data Fig. 8a ). Indeed, removal of this amine by inosine substitution largely rescued the DNA-binding defect, confirming that the N2 of G T−2 is the anti-determinant for PAM−2 specificity (Extended Data Fig. 8b ). An equivalent glycine-rich loop is present in all known Cse1 structures; they probably have a similar minor groove DNA recognition function (Extended Data Fig. 7 ).
PAM−3 is typically specified as a pyrimidine T -purine NT pair by Cascade 4, 11, 21 . 5′-TAG PAM also leads to interference, but G T−3 -C NT−3 containing PAMs fail to 22, 28 . Here a favourable electrostatic interaction from a lysine finger (Lys268) to O2 of T T−3 is observed, underlying the strong preference for pyrimidine at this position (Fig. 2b, d ). Lys268Ala mutation reduced Cascade binding and Cas3 cleavage by >8-fold and >10-fold, respectively, emphasizing its positive contribution to PAM−3 recognition (Fig. 2e, f) . Interestingly, the Lys268Ala mutant still retained wild-type level discrimination against 5′-CTG PAM (Extended Data Fig. 8c ). G T−3 -to-inosine substitution ultimately proved that the N2 of G T−3 also serves as a strong anti-determinant Fig. 8d ). Interestingly, Lys268 makes an electrostatic interaction to C T−4 ( Fig. 2b, d ), indicating certain level of sequence discrimination at PAM−4 as well.
Detailed structure dissection also helps to rationalize the self-avoidance mechanism. All spacers in E. coli CRISPR loci are 'protected' by a 5′-CCG PAM. This PAM is the combination of the leastpreferred nucleotides at each position (3′-G T−3 G T−2 C T−1 ), which would strongly disfavour Cascade-mediated R-loop formation, despite a perfect spacer match.
The non-target strand is guided sequence-nonspecifically along the Cascade surface, 20-25 Å away from the target strand (Fig. 3a) . The sugar phosphates of nucleotides 1-3 are contacted by Lys163, Gly169 and Lys296 of Cse1-NTD, nucleotides 6-9 by a string of positive charges (Arg393/Lys394/Lys488/His489/Arg491) across Cse1-CTD (Fig. 3a) . The redundant interactions were not disrupted by a point mutation (Tyr397Ala). A double mutant (488-489KH/AA) neutralizing a positive patch, however, led to a fourfold binding defect (Fig. 3b) . The tenth/last nucleotide rests at an intersection between Cse1-CTD and Cse2.1. To investigate whether the following non-target residues travels on the surface or backside of the Cse2 dimer, we further determined a 3.2 Å structure in which the non-target protospacer is 22 nucleotides longer. Although most of the additional residues remain unresolved, density clearly reveals that the non-target strand residues take the downward trench route towards the backside of the Cse2.1 dimer, attracted by the favourable electrostatic environment therein (Fig. 3c-e) . Non-target strand sequestration probably corresponds to the extra 'locking' step after most R-loop forms, as a mechanism to prevent the R-loop collapse 17 . In summary, our structural analysis provides important insights about the PAM-dependent directional R-loop formation 17 (Fig. 4) . Recognition of an interference PAM by Cascade coincides with the wedge-mediated displacement of the first two target strand nucleotides, initiating DNA unwinding. Directional DNA melting ensures the ordered guidance of the non-target DNA strand ~25 Å away from the target strand, as a mechanism to stabilize the seed bubble. Further R-loop propagation leads to non-target strand sequestration behind the Cse2 dimer, locking the R-loop in place. Conformational changes accompany the process and reorganize the Cse1 surface, paving the way for Cas3 binding. The active guidance of the non-target DNA strand is a theme not observed in Cas9-DNA structures 19, 20 . It rationalizes the observation that the Cascade-bound R-loop is considerably more stable than that of Cas9 (ref. 17). Besides 5 interference PAMs, 21 other PAMs stimulate 'primed adaptation' in E. coli 22 , in which Cascade and Cas3 actively recruit the Cas1/Cas2 spacer acquisition complex 29, 30 . Priming PAMs may lead to suboptimal Cascade contacts 
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and non-canonical R-loops. Such R-loops are difficult to form and may not be completely unwound 18 , requiring higher Cascade concentration 30 and favourable DNA torque 17 . They also fail to recruit Cas3 directly 30 , which may indicate that the non-target DNA strand is misguided, as Cas3 recruitment is contingent upon non-target strand contact as well 25 . Overall, these results will facilitate future studies to better understand the interference and primed adaptation mechanisms in type I CRISPR-Cas systems.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 

MethOdS
No statistical methods were used to predetermine sample size. The experiments were not randomized, and investigators were not blinded to allocation during experiments and outcome assessment. Expression and purification of Cascade, the Cascade-dsDNA complex and Cas3. Sequence information for primers and the synthetic CRISPR expression cassette can be found in Extended Data Table 1 . Cascade expression was similar to ref. 26 . In brief, cse1 was PCR amplified from E. coli K12 genomic DNA and cloned into the pRSF-Duet-ORF1 vector (Kan R ), between NcoI and NotI restriction sites (Extended Data Table 1 ). The cse2-cas7-cas5e-cas6e sub-operon was cloned into pET52b (Amp R ) between NcoI and NotI; as a Precission cleavable His 6 fusion at the N terminus of cse2. The pre-crRNA expression cassette was synthesized by Life Technologies and cloned into the pHSG-398 vector (Cam R ) (Extended Data Table 1 ). E. coli BL21 (DE3) star cells containing the three plasmids were grown in LB medium at 37 °C to A 600 nm of 0.6. Cascade expression was induced by the addition of 0.5 mM isopropyl-β-d-1-thiogalactopyranoside (IPTG) and cells were further cultured at 20 °C for 12 h.
The cells were disrupted by sonication in buffer A (50 mM Tris, pH 8.0, 20 mM imidazole and 300 mM NaCl), loaded to Ni-NTA column, and eluted with buffer A supplemented with 300 mM imidazole. The His 6 tag was cleaved by Precision protease, and back-adsorbed with a second Ni-NTA column binding step. Cascade was concentrated and buffer exchanged into buffer B (20 mM Tris, pH 7.5, 150 mM NaCl and 2 mM DTT), and further purified on Superdex 200 prep grade column (GE healthcare). Free-Cascade containing fractions were pooled, concentrated to 15 mg ml
, flash-frozen, and stored at −80 °C. The Cascade-dsDNA complex was prepared by mixing free-Cascade with dsDNA R-loop mimicking substrate. DNA substrates were chemically synthesized from IDT (Extended Data Table 1 ). The non-target strand was annealed with the target strand at a 1.5:1 molar ratio. The resulting R-loop mimicking substrate was mixed with Cascade at a 2:1 molar ratio, incubated at room temperature for 30 min, and re-purified on Superdex 200. Cascade-dsDNA complex fractions were pooled and used in crystallization trials. The Cascade-dsDNA complex containing the 32-nucleotide non-target strand overhang was also obtained using the above protocol, except that the His tag was not cleaved. Cascade mutants were constructed with site-directed mutagenesis, and purified using the same method as free-Cascade, except that the N-terminal His 6 tag was left intact. Cascade integrity was checked using SDS-PAGE (Extended Data Fig. 4b ).
The Cas3 gene was amplified from E. coli K12 genomic DNA and cloned between BamHI and XhoI into the pET28a-SUMO plasmid. E. coli BL21 (DE3) star cells were grown in LB medium at 20 °C to A 600 nm of 0.3, induced with 0.2 mM IPTG, and further cultured at 20 °C for 12 h. The Ni-NTA and SEC purification procedures were similar to the procedure mentioned above. The monomeric SUMO-Cas3 fractions were pooled, concentrated to 2 mg ml −1 , flash-frozen and stored at −80 °C until usage in biochemical assays. Crystallization and structure determination of Cascade-partial-R-loop complex. Cascade complex crystals were grown using the hanging drop vapourdiffusion method by mixing 2 μl of purified Cascade-dsDNA complex (15 mg ml −1 ) with 2 μl of mother liquor (1.6 M Na/K-phosphate, pH 6.2) at 18 °C. Initial crystals appeared after 2 weeks and grew to full size after ~6 weeks. Crystals were cryoprotected in motherliquor supplemented with 20% ethylene glycol and flash frozen in liquid nitrogen. Diffraction data were collected at Advanced Photon Source NECAT beamline 24-ID-C and were processed with HKL2000 (ref. 31). The structure was solved by molecular replacement with PDB accession 4QYZ as the search model. Iterative model building and refinement was conducted with COOT 32 and PHENIX
33
. A summary of the diffraction and refinement statistics can be found in Extended Data Table 2 . The Ramachandran plot for the Cascade-dsDNA 10-nucleotide overhang structure indicated 96.65% of residues in the favoured region, 3.10% allowed, and 0.25% outliers. The Ramachandran plot for the Cascade-dsDNA 32-nucleotide overhang structure indicated 94.56% of residues in the favoured region, 4.81% allowed, and 0.63% outliers. Figures were generated using PyMOL (The PyMOL Molecular Graphics System, version 1.3r1, Schrödinger, LLC) and CCP4mg (ref. 34). EMSA. Fluorescent dsDNA target substrates were generated for biochemical assays. The crRNA-matching targets with varied PAMs were cloned into pCDFDuet between the PstI and NcoI sites Extended Data Table 1 . The dsDNA1 and dsDNA2 substrates were PCR amplified from the plasmid using the indicated fluorescent oligonucleotides (5′ 6-FAM for the non-target strand and 5′ Cy5 for the target strand). The dsDNA3 substrates were prepared by oligonucleotide annealing. All dsDNA substrates were subsequently gel-purified. The dsDNA1 substrate (5′ATG-PAM) was used for all main-text EMSA and Cas3 cleavage assays. The dsDNA2 substrates were used for the experiments shown in Extended Data Figs 6b, c and 8c. The dsDNA3 substrates were used in the experiments shown in Extended Data Figs 6a and 8b, d. DNA binding was conducted in 20 mM Tris, pH 7.5, 150 mM NaCl and 5% glycerol. The dsDNA substrate concentration was held constant at 3 nM and Cascade concentration was titrated as indicated. The Cascade and dsDNA were incubated at 37 °C for 30 min in 20 mM Tris, pH 7.5, 150 mM NaCl and 5% glycerol. EMSA was carried out at 4 °C on 2% agarose gels. Fluorescent signals were scanned using a Typhoon 9200 scanner. The EMSA gels shown in the main and Extended Data figures are representative results, out of triplicated experiments. The raw, uncropped source data can be found in Supplementary Fig. 1 . Cascade-mediated Cas3 DNA cleavage assay. Cascade-R-loops were pre-formed by mixing 40 nM Cascade or Cascade mutants with 6 nM fluorescent dsDNA target in binding buffer (5 mM HEPES, pH 7.5 and 60 mM KCl) at 37 °C for 30 min. Cascade-R-loops were then mixed with 500 nM SUMO-Cas3 in DNA cleavage RXN buffer (5 mM HEPES, pH 7.5, 60 mM KCl, 10 mM MgCl 2 and 10 μM CoCl 2 ). Either 2 mM ATP or 2 mM AMPPNP was added and the reaction was incubated at 37 °C for 30 min. Cy5 and 6-FAM fluorescent signals were recorded by Typhoon 9200 scanner. The wild-type E. coli Cascade specifically nicked the non-target DNA strand ~10-12 nucleotides into the R-loop region in the presence of a non-hydrolysable ATP analogue, AMPPNP. Addition of ATP triggered processive degradation of the non-target DNA strand and distributive degradation of the target strand upstream of the R-loop. These results are consistent with previous studies 11, 21 . Uncropped gels are shown in Supplementary Fig. 1 . 
